The sense of smell is one of the oldest and the most primitive senses mammals possess, it helps to evaluate the surrounding environment. From birth, smell is an important sensory modality, highly relevant for neonatal behavioral adaptation. Even though human newborns seem to be able to perceive and react to olfactory stimuli, there is still a lack of knowledge about the ontogeny of smell and the underlying central processing involved in odor perception in newborns. Brain networks involved in chemosensory perception of odorants are well described in adults, however in newborns there is no evidence that central olfaction is functional given the largely unmyelinated neonatal central nervous system. To examine this question, we used functional magnetic resonance imaging (fMRI) in the newborn to characterize cortical response to olfactory and trigeminal odorants. Here we show that brain response to odors can be measured and localized using functional MRI in newborns. Furthermore, we found that the developing brain, only few days after birth, processes new artificial odorants in similar cortical areas than adults, including piriform cortex, orbitofrontal cortex and insula. Our work provides evidence that human olfaction at birth relies on brain functions that involve all levels of the cortical olfactory system.
Introduction
As for a long time, human newborns were thought to not yet be able to smell and only recently a number of studies have described behavioral responses to olfactory stimuli, mainly originating from the mother. Nevertheless central olfaction in the newborn is still not fully understood.
In adults, odors are processed within 3 main brain anatomical sites: the olfactory bulb, the primary, and the secondary olfactory cortex (for details see Gottfried et al. 2002; Lundstrom et al. 2011 ). Although our knowledge on olfactory processing in adults has significantly improved, the following questions remain unanswered: when during development does this neural processing of odorants emerge? How are odorants centrally processed in newborns?
Among all senses, from birth onwards olfaction plays a critical role in mammalian sensory communication. It allows the newborn to adapt his suckling and feeding behaviors, to be attracted to maternal odors and to improve the mother-infant interactions (Varendi et al. 1994; Winberg and Porter 1998) . The olfactory system is among the first to develop during fetal life. At the site of future olfactory bulbs, the olfactory fibers enter the brain as early as 39 postconceptional days, while at 41 post conceptual days both olfactory bulb and tubercle become recognizable (Müller and O'Rahilly 1989) . The first synapses between peripheral olfactory nerve fibers and mitral and/or tufted neurons (principal efferent output of the olfactory bulb), and the first synaptic glomeruli are not seen until 9-14 gestational weeks (GW) (Sarnat and Yu 2015) . The first contacts between fluid-phase chemical stimuli and nasal chemoreceptors occur only after 16 GW, when nasal plugs (i.e., epithelial cells forming a plug in the primitive nasal cavity) dissolve (Som and Naidich 2013) , and amniotic fluid starts to circulate within upper respiratory airways. First odor exposures therefore occur already in utero through fluid-phase chemicals present in the amniotic fluid. The displacement of amniotic fluid in upper airways is induced by fetal swallowing and breathing movements, which renew the contact with nasal chemoreceptors (Schaal et al. 2004) .
Although the majority of prerequisites needed for odor perception of fetuses are already met in utero, the fetal cortical olfactory system is still far from mature (Sarnat and Yu 2015) . At term only 25% of neurons in granular layers of the olfactory bulb are stained with NeuN (marker of neuronal maturity), while, strikingly, less than 10% of the olfactory tract is myelinated (Sarnat and Yu 2015) . Research on early perceptual olfactory competence in human newborns has so far focused on behavioral responses (i.e., changes in respiratory rate, sucking, facial expressions, body movements, directional orientation) upon exposure to different natural and artificial odors (for reviews, Doty 1991; Schaal et al. 2004 ). Yet, it is still unknown to which extent these stimuli are neurally processed in newborns.
The present study investigates the central neural processing involved during artificial, mainly olfactory and partly trigeminal, odorant stimulation in healthy non-sedated newborns, in the first week of life using non-invasive in vivo functional magnetic resonance imaging (fMRI).
Materials and Methods
Subjects 28 full-term newborns (mean gestational age = 39.5 weeks, standard deviation = 0.85; 10 females, 18 males), without signs of neurological disorders, were included in this study. Neonates underwent an fMRI between their first and sixth day after birth, during natural sleep or while resting quietly in the scanner, no pharmacological sedation was needed. All infants were exclusively breastfed. Among 28 infants, data from 4 infants (1 female, 3 males) were excluded because of large movement artifacts. The study was approved by the local ethical committee and all parents gave written informed consent.
Stimulation Protocol
3 odorant stimuli were selected for the experiment: rotten cabbage-like (dimethyl trisulphide, DT), banana-like (isoamyl acetate, IAA) and eucalyptus-like (eucalyptol, EU), a bimodal (olfactory and trigeminal) odor. All odorants were labeled food grade and also natural for IAA and EU (Sigma-Aldrich, Flavors, and Fragrances). Furthermore, the odorants needed to fulfill the following criteria: be a new artificial airborne odorant not biologically relevant for newborns (different from breast milk, formula, or amniotic fluid); have a hedonic value, pleasant (banana) and unpleasant (rotten cabbage) and a trigeminal property (eucalyptol); have no absorption in the tube used in the delivery system and have non-irritant compounds (for safety reasons). Each odorant was diluted (DT:0.5 mg/L, IAA: 25 mg/L, EU: 50 mg/L) into a 500 mL sterile water humidification bottle (CovidienTM) and delivered using a home-made 4-way odorant delivery system (3 odorants and neutral) ( Fig. 1 ) with a constant humidity rate at a continuous air flow of 0.4 L/min. The use of a constant flow of odorless air embedding the odor avoids the mechanical stimulation (such as sensitivity to changes in pressure). During the neutral conditions, the same odorless air flow was presented. The pressure of air flow was controlled by a flowmeter, ensuring a constant flow rate of 0.4 L/min throughout the whole experiment. A multiposition actuator (Valco Instruments Co. Inc.) was controlled using the serial port of the stimulation computer to deliver each odorant independently. A mass spectrometer (PTR-MS High-Sensitivity, Ionicon Analytik Ges.m.b.H., 6020 Innsbruck, Austria (Europe)) was used to check carefully that the odorant's concentration was identical at the beginning and at the outlet of the tube, to rule out any absorption effect from the tube. In addition, this measurement allowed us to assess the onset and the washout delay of the 3 odorants. Based on this measurement, 10 s was enough for complete wash-out of the odorants. Finally the concentrations fort each odor were adapted to be clearly perceived by adults in similar experimental conditions. Figure 1 . Home-made 4-way odorant delivery system (3 odorants and neutral). The delivery system is in the control room and the outlet of the PEEK tube (in dark gray) is attached on the MRI coil in order to be placed at maximal distance of 2 cm from the nostrils.
The odorants were presented during 20 s in a pseudorandomized order to minimize interaction effects between substances. Each odorant stimulation was repeated 5 times per run and was separated with 20 s of odorless stimulation from a water flask with sterile water (neutral condition). This blockdesign stimulation was preferred over an event-related design, in order to be less sensitive to the rapid breathing of newborns.
The 3 odors and the neutral stimulation were transported from the control room to the MRI, through a 5 m polyetheretherketone (PEEK) tube (inner diameter 1 mm). The extremity of the PEEK tube was attached to the MRI coil, such that the extremity of the tube had a maximum distance of 2 cm of the nostrils. Thereby, the air flow directly reached both nostrils simultaneously. The propagation delay of the odorant into the tube was of 7 s. This delay was accurately detected at the start of the study with the mass spectrometer and then controlled with a chronometer at the beginning of each experiment, for each odorant to detect a potential leakage or malfunction of the system. The onsets used for fMRI analysis were shifted in time, to take into account this delay. The temperature in the MRI room was regulated at 20°C whereas the temperature in the control room was kept at 18°C to avoid condensation into the tube.
MRI Acquisition
All infants were fed immediately before testing to increase the chance of sleeping or staying quiet through the entire procedure.
When infants were fed and quiet, they were swaddled in a blanket with noise protections placed on their ears (adhesive earmuffs (Minimuffs; Natus Medical Inc., San Carlos, CA, USA)). They were then positioned on a vacuum pillow (VacFix, Par Scientific, Odense, Denmark) longer than baby's body that surrounded the head to prevent movements and also contributed to noise attenuation. Infant's well-being and behavior during the experiments were monitored using pulse oxymetry, a camera, and a microphone as well as by the presence of a nurse during the entire MRI acquisition. If the infants showed signs of restlessness, scanning was immediately interrupted.
The acquisition was performed in a 3 T MRI (Siemens Magnetom Trio, Erlangen, Germany) using an 8-channel neohead coil (LMT medical systems, Lübeck, Germany). The total duration of the acquisition was between 30 min and 50 min, depending on the newborns compliance. 2 runs of 350 functional images were acquired during olfactory stimulation using a single-shot T2*-weighted gradient-echo Echo Planar Imaging (GE-EPI) sequence (TR = 1800 ms, TE = 25 ms, flip angle = 85°, 30 slices, voxel size = 2.2 × 2.2 × 3.5 mm 3 ). A T2-weighted structural image was acquired for anatomical reference (TR = 4990 ms, TE = 160 ms, flip angle = 150°, 113 coronal slices, voxel size = 0.78 × 0.78 × 1.2 mm 3 ).
fMRI Preprocessing
The preprocessing of the functional images was performed with SPM8 (Wellcome Department of Imaging Neuroscience, UCL, London, UK) and included: 1) realignment, 2) slice timing, 3) rigid-body co-registration of functional images on the T2 structural image, 4) normalization of subject anatomical T2 image (1 × 1 × 1 mm) and EPI (2 × 2 × 2 mm) to a T2 template of newborns created from 28 infant's anatomical T2 image acquired in this study, and 5) spatial smoothing (FWHM 6 mm).
To accommodate the high level of motion in infants, images with framewise displacement superior to 6 mm as well as 1 previous and 2 following images were excluded (Power et al. 2012) fMRI Analysis
Functional time-series were analyzed voxel by voxel with a general linear model (GLM). The 6 realignment parameters and their Volterra expansion (Friston et al. 1996) , were reduced using singular value decomposition (SVD). The NC (number of components) first SVD components explaining at least 99% of the variance, or the first 6 SVD components if NC > 6, were included into the GLM model as covariate regressors. This SVD reduction allows the consideration of the 24 realignment parameters to remove any residual motion-related variance without decreasing too much the number of degrees of freedom while ensuring the orthogonality of the model. Block stimulation design for each odor was convolved by the canonical hemodynamic response function (HRF) and used as regressor. Sessions without motion superior to 6 mm and including a minimum of 2 repetitions of each condition were used for the analysis and the regressors associated to odorant stimulation and to confounds were cut accordingly. 4 infants were rejected due to excessive motion and all subsequent analyses were done in 24 infants.
Low-frequency noise and signal drift were removed using a discrete cosine transform basis set with a filter cut-off period of 256 s.
To identify regions involved in the processing of each odorant separately, contrasted with the neutral condition (water), a second level analysis was performed on the group of 24 infants (Random-effect analysis). Therefore a one-sample t-test was used with a threshold of significance set at P < 0.005 and a minimum of 10 voxels extent.
Habituation Modeling
Since a strong habituation effect is observed in response to sustained odorant stimulation in adults (Sobel et al. 2000; Poellinger et al. 2001) , we also explored the habituation effect in newborns in order to exclude such an effect in newborns. Thus, we modeled the expected hemodynamic response to block-design stimulation by a decreasing exponential as suggested by Sobel (Sobel et al. 2000) . Different values for the habituation time constant τ were used (from 0.05 s to 500 s) and no habituation effect was detected whatever the habituation time constant value in our newborn population. The same procedure has been repeated in 11 adults, (6 women and 5 men) in exactly the same experimental setup and conditions (same odorants, same design), and confirmed the presence of a habituation effect in adults but none in newborns. Therefore, habituation modeling is not further used in our newborn study.
Results and Discussion
The results show, for the first time, that odors in newborns elicit activation of both phylogenetically older (piriform and entorhinal cortex) and newer cortical areas (orbitofrontal cortex, insula, and anterior cingulate gyrus). Like in adults, the first neuronal level of olfactory information processing in newborns occurs in the olfactory bulb (Fig. 2) , by receiving information from the olfactory epithelium situated in the nasal cavity. Given that this region is close to sinuses, adult fMRI experiments have been subject to susceptibility artifacts at the level of air-tissue interfaces and give rise to signal detection difficulties. Nevertheless, in newborns, where air-filled sinuses
are not yet present, activation of the neonatal olfactory bulb is detected (Fig. 2) .
From the olfactory bulb, information is transmitted, via the olfactory tract, to the second neuronal level of olfactory processing-the piriform cortex. This area, located at the junction of the frontal and temporal lobes, is the largest recipient of neuronal input from the olfactory bulb and therefore the major part of the primary olfactory cortex (including also neighboring cortical areas as the amygdala and the entorhinal cortex).
The analyses performed at the group level demonstrate that the piriform cortex is already strongly involved in olfactory sensory processing in newborns (Fig. 3) .
In adults, the piriform cortex is activated during simple olfactory paradigms consisting in passive smelling tasks (Zatorre et al. 1992) , which is similar to newborn passive odorant exposure and indicates a similar pattern of odorant neuronal processing in newborns as in adults. It is noteworthy to mention that inconsistent activity of the piriform cortex was reported among studies in adults. This has been related to susceptibility artifacts and habituation, which may interfere with the detection of signal in the piriform cortex.
Additional olfactory processing, with and without a thalamic relay, occurs in the orbitofrontal cortex (OFC). The OFC is known as the major part of the secondary olfactory cortex (Zatorre et al. 1992; Lundstrom et al. 2011 ) and, in adults, it responds to complex olfactory processing (Howard and Gottfried 2014) . Figure 3 shows the significant activation of the neonatal OFC after eucalyptol stimulation at the group-level analysis. This finding is in line with previous adult studies, in which the activation of the OFC was observed not only after a pure olfactory stimulation but also following a bimodal (such as eucalyptol) or trigeminal stimulation (Boyle et al. 2007a; Albrecht et al. 2010) . Indeed, intranasal chemosensory perception involves, in addition to the olfactory system, the trigeminal system, which conveys sensation such as cooling, burning, tickling or irritation as well as activation of specific trigeminal regions involved in the processing of somatosensory information or pain, as the somatosensory cortex, for example (Iannilli et al. 2007; Frasnelli et al. 2012; Kollndorfer et al. 2015) . Among the 3 odorants used in this experiment, only eucalyptol has a clear bimodal sensory property and is well-known to stimulate the trigeminal nerve and elicit cooling sensations both in infants and in children (Doty 1995; Hummel et al. 2007 ). However, besides the OFC we did not observe cerebral activations specific to trigeminal pathways after eucalyptol stimulation in newborns. This may be related to the threshold of perception of this odorant, as it was shown that at a lower concentration the trigeminal system is less responsive than the olfactory system (Doty 1995) . Moreover, to avoid irritation in the newborn, the concentration used was rather low. The OFC on the other hand has been shown to be involved in chemosensory integration, olfactory attention, and multisensory representations of odors (Rolls and Baylis 1994; Boyle et al. 2007b ). In line with this, 2 related studies have shown variations in oxygenated hemoglobin, measured by near infrared spectroscopy (NIRS) in the area overlaying OFC, in newborns after exposure to human milk and vanillin odors (Bartocci et al. 2000; Aoyama et al. 2010) . Thus, the current brain imaging results suggest that OFC activation following bimodal odorant stimulation, is already present in the newborn and can be detected by fMRI. Finally, at the group level, we observed secondary odorant processing in emotion and attention areas with significant activation of the anterior part of the cingulate cortex (ACC) and insula (see Table 1 for details), frequently seen in adults using both trigeminal and olfactory stimulation (Savic 2002) . Moreover, as insula activation is often related to an oral sensory modality (Rudenga et al. 2010) , its activation in newborns may stem from the intrauterine odorant experience of the amniotic fluid in the oro-nasal cavity.
The activation of the ACC in newborns (main effect of all 3 stimuli) on the other hand might indicate attention and response selection to stimuli. Indeed, ACC plays a key role in attention and has recently been shown to have direct projections to primary olfactory cortex in monkeys (Garcia-Cabezas and Barbas 2014). In adults, the activation of the ACC is observed during olfactory odorant stimulation (Poellinger et al. 2001; Savic 2002) , linking once again this region to the processing of trigeminal odorants and associated nociceptive perception Iannilli et al. 2007 ).
The direct comparison of cortical responses between odorants using a 2 sample t-test did not show any statistically significant differences when including stringent statistical thresholds and therefore these analyses are not included. However, as can be seen from Table 1 , some specific differences in brain activation for each odorant are observed. The cabbagelike odor elicited a response in more brain regions than any of the other odorants, which may be due to the unpleasant nature of this stimulus. Such an effect has been observed in adults where unpleasant odors initiated stronger neural responses, notably in the pirifom cortex and the insula (Bensafi et al. 2007) , similarly as observed in the current newborn study. Further, the brain activations observed following the bananalike odor are located in the entorhinal and perirhinal cortex, these activations did however not reach the significance threshold at the cluster level, although it is known that the entorhinal cortex mainly receives input from the olfactory system and babies have been shown to respond behaviorally to this odorant (Engen and Lipsitt 1965) . This lack of significance may be due to more variable cortical responses in babies and may be influenced by their more variable state of wakefulness. The current study does not provide evidence that at this age a discriminative brain response to the hedonic valence of odorants is present in a similar perceptual spectrum as in adults (Soussignan et al. 1997) . A difference between odorants has been observed with behavioral and autonomic measures (Goubet et al. 2002) but this ability was mainly shown with natural odorants having a high biological salience, for example, mother's milk (Soussignan et al. 1997; Varendi et al. 1998 ). This would partly explain the lack of discriminative brain responses observed in the current study, where artificial odorants, with no biological meaning for newborns were tested.
In newborns, a prandial state effect was found on the behavioral and autonomic response to the odors of their own formula milk, but not for the odors of vanillin and an unknown protein hydrolysate formula. Newborns showed a hedonically negative response to their own milk in postprandial state, but not to other odorants presented (Soussignan et al. 1999) . Similarly, in an adult fMRI study (O'doherty et al. 2000) , the activation of the orbitofrontal cortex decreased in postprandial state, but only for the odor eaten during the meal. So we can expect that the postprandial state should not have affected the response to our novel odorants, unrelated to feeding for the newborn.
Habituation as mentioned earlier can influence odorant response with an early but only transient activation of the primary olfactory cortex (especially seen in the piriform cortex), despite prolonged odorant stimulation (Sobel et al. 2000; Poellinger et al. 2001 ). Thus, the habituation effect modifies and reduces physiological response in these areas, in affecting or not the behavioral response, and leading to discrepancies in literature about the ability to observe a response to odorants in the piriform cortex. This habituation effect might particularly affect a block-design paradigm fMRI experiment (long-lasting stimulation). In contrast to adult findings (Sobel et al. 2000; Poellinger et al. 2001) , the results in the newborn population did not show any effect of habituation or a decrease of the signal, for all odorants used, during the stimulation period of 20 s (Supplementary Figure and Supplementary Table in Supplementary Material). The results from the block-design study in the newborns with or without modeling did not change the signal in olfactory cortical areas, suggesting the absence of a habituation effect in newborns during the stimulation time of 20 s. This is not in contrast to behavioral studies, that showed habituation on repetitive stimuli (Engen and Lipsitt 1965) , as the current experiment tested for habituation within the 20 s of odor stimulation and only confirms the absence of habituation during the 20 s stimulus time and not to repetitive stimulation. This lack of habituation in newborns may be explained by the immaturity of the nervous system at this age. The myelination process is not completed at birth, with mostly unmyelinated neural connections, for example (Sarnat and Yu 2015) , which could explain why newborns do not show a rapid habituation as seen in adults. However, additional investigations using varying duration or repetitive stimuli would be needed to fully assess the neural substrate of habituation in newborns.
The main goal of the present study was to study cortical processing of smell perception in newborns. It demonstrates the presence of the primary and secondary central olfactory processing, after first time airborne stimulation by new artificial odorants in human newborns. The odors of mother's milk or colostrum were so far the preponderant odorants studied behaviorally in newborns. Only one study (Arichi et al. 2013 ), on the use and the design of an automated olfactometer for fMRI studies, showed brain activation in olfactory areas in some sedated prematurely born infants several weeks after birth. The odorants used in the current study have no biological meaning for babies and are presented to a population of nonsedated full-term newborns only a few days after birth, in order to study and discern olfactory processing in the normal developing newborn brain.
While the anatomical structure of the central neural olfactory system has not yet accomplished its full maturation at birth, hemodynamically based changes in brain areas commonly involved in olfactory processing indicated functional activity and therefore central processing of new artificial olfactory stimulants in newborns. Literature in other sensory domains confirm the readiness of the neonatal central nervous system for functional brain processing despite immaturity and absence of myelination, as observed in early language perception (Dehaene-Lambertz et al. 2002) .
In this early life period, sensory experiences and sensory processing are key elements for the maturation of neural networks and behavior. Understanding early sensory processing further provides the basis in order to better understand early childhood disorders associated with atypical sensory processing as, for example, proposed to occur in the highly prevalent condition of infant colic (DeGangi et al. 1991; Barr 1998 Barr , 2002 DeSantis et al. 2004) .
Knowing that early cortical olfactory processing networks are already functional shortly after birth, further opens up the question of when these networks develop and become functional and if their development is influenced by premature birth or other factors during pregnancy, that change olfactory stimuli.
Conclusion
The present study shows strikingly similar functional activity in all primary (olfactory bulb, piriform cortex) and secondary olfactory cortical areas (OFC, insula, ACC) in newborns, following new artificial odorant stimulation and this, despite a considerable structural immaturity of the newborn brain.
Given the importance of olfactory sensory processing in newborns, and growing reports on their behavioral responses to olfactory stimuli, this study improves our knowledge on neural processing involved in neonatal olfaction.
Supplementary Material
Supplementary data is available at Cerebral Cortex online. 
